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Purpose. To establish regularities of influence of miners’ energy expenditure on coal mining efficiency.

Methodology. Methods of mathematical modeling, mathematical analysis, reliability theory, biomechanical
methods, mining, full-time and visual observations with the use of modern information systems, devices and com-
puter systems were used.

Findings. The regularities of change of miners’ energy expenditure depending on the cutter-loader feed rate in the
stope are established. The optimal speed of a miner’s movement along the longwall face is determined by the criterion
of energy expenditure per a meter of distance passed at different seam power. To assess the comfort of working condi-
tions, it is proposed to use the factor of a miner’s energy expenditure per ton of coal mined. It is established that the
economy of a machinist’s movement is inversely related to the energy consumptions per ton of coal mined, increases
linearly with increase in the cutter-loader width and in quadratic dependence with increase in the cutter-loader feed
rate. The efficiency of coal mining is determined by the economy of the miner’s actions and the power consumptions
of the cutter-loader, with increase in the cutter-loader feed rate the efficiency approaches the limit determined by the
energy expenditure of miners. The regularities of change in the efficiency coefficient of miners are established when
working with and without a respirator, depending on their age and qualifications; it was found that when working with
a respirator, the productivity in the case of an experienced worker increases, whereas in the case of a young worker,
productivity decreases.

Originality. The regularities of coal mining efficiency relation to miners’ energy expenditure, the speed feed rate
and the width of the cutter-loader have been established for the first time, and limits on the longwall face productiv-
ity are determined.

Practical value. A methodology has been developed for research on the energy expenditure of miners to determine

the efficiency of coal mining and the professionalism of miners.
Keywords: miners, energy expenditure, stope, coal mining efficiency

Introduction. In recent years, the technology of un-
derground coal mining remains constant, while stoping
complex are being improved, their power capacity and
productivity are increasing. Miners need to ensure the
design characteristics of mining equipment. This issue is
most acute for high-productivity longwall face equipped
with the latest technology. Therefore, it is important to
take into account the energy expenditure of miners
moving along the longwall face during the design of
winning equipment.

Analysis of recent research and publications. One of
the parameters that characterize the energy expenditure
of miners in the coal mining process is their biomechan-
ical characteristics. Developers of modern winning
technique and technology, even at the design stage,
should be given tasks to take into account the individual
characteristics of miners and to estimate the influence of
miners’ energy expenditure on the efficiency and safety
of mining processes, and to resolve the questions of
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training and selecting personnel that is capable of man-
aging of modern mining machines and complexes effec-
tively.

Modern safety problems and the function of man in
the event of accidents are discussed in [1—4]. In [1], the
methodology of developing a warning index system for
coal mine safety based on collaborative management is
resulted. In [2], the connection between severe injuries
and accidents in coal mines is considered. In [3], the re-
sults of experimental studies of physiological changes of
people trapped in coal mines accident are presented. In
[4], research was carried out on the trends of coal mine
accidents and on the characteristics of human factors.

Continuous improvement of respiratory protection
also requires additional studies of miners’ energy expen-
diture during coal mining. So, in [5] the stress, arising at
long wearing of respirators, is considered. In [6], the
factors affecting filter penetration and quality factor of
particulate respirators are analyzed. In [7], a new algo-
rithm for determining the respiratory contact area was
proposed. In [8], the results of comparative studies of
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the protective effectiveness of filter respirators are pre-
sented.

Unsolved aspects of the problem. The establishment
of regularities in the energy expenditure of miners in the
stopes and their influence on the efficiency of coal min-
ing is an actual scientific and applied problem, which is
important for increasing the productivity level, safety
and labor protection in coal mines.

Objectives of article are to carry out research and to
establish regularities of influence of energy expenditure
of miners on coal mining efficiency.

Presentation of the main research. Typical positions
of miners in the process of moving along the longwall
face and controlling the mining machine at different
seam power (m) are: at m up to 0.8 m the miner-machin-
ist usually moves behind the cutter-loader along the
longwall face in the prone position (crawling), at m from
0.8 to 1.3 m, the most convenient way of moving is to
move on the knees (on all fours), at power of .3to 1.7 m
the machinist moves in a crouch position and only at m
over 1.7 m the machinist moves in the usual position for
the man — full-length.

When equipping longwall faces with complexes of a
new technical level (NTL) and high reliability of coal
mining, the movement speed of miners can impose lim-
itations on the design productivity of cutter-loaders. To
implement the project characteristics of NTL complex-
es, a condition v > v, must be ensured, i.e. the move-
ment speed of a miner v should be equal to the cutter-
loader feed rate vy.

The movement speed of a person is directly propor-
tional to the length and frequency of steps

v=I[-n,

where /is the length of the step, m; # is the frequency of
steps (movement rate), 1/min.

When the machinist moves crawling or on his knees
(on fours), the temp is determined as the number of cy-
cles per minute, and the length of the step is equal to the
distance passed in one cycle (step).

Increasing the cutter-loaders feed rate and, corre-
spondingly, the movement speed of the miner along the
longwall face requires the miners to increase energy ex-
penditure. From the point of view of biomechanics, the
total energy expenditure of a person is the metabolic en-
ergy consumptions on movement. In turn, the metabol-
ic energy is formed by thermal energy losses and total
mechanical energy. The latter consists of the work of
internal organs and obvious mechanical work (external
and internal). The latter refers to the work performed
when moving parts of the body are relative to the gravity
center. External work is the work in the longitudinal and
transverse direction. Thus, when a miner is moving
through the longwall face, only work in the longitudinal
direction is useful. Other energy expenditures are not
useful in relation to the criterion of productivity - the
miner’s movement in the longwall face, but are an inte-
gral part of his movement.

The change in energy consumptions £, W due to the
movement speed is expressed by the following known
formula
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E=E0+b|v+b2v2, (1)

where v is the speed of movement, m/min; £, is the en-
ergy expenditure when motionless, W (when estimating
energy consumptions by heart rate £, = HR,, where HR,
is the heart rate when motionless, bpm); b,, b, are em-
pirical coefficients characterizing the body’s reaction to
the load. Parameters change in the ranges of E, =
=230—280 W, b, =0.15—6; b, =0.05—2. Their minimum
values can be taken to carry out engineering calcula-
tions.

Dependence of energy expenditure on the move-
ment speed of the miner along the longwall face for do-
mestic traditionally used complexes and NTL complex-
es is shown in Fig. 1.

The graphs in Fig. 1 show that in mines with a high
load, with full implementation of the technical capabili-
ties of modern NTL complexes, miners will carry great-
er energy expenditure than when working with tradi-
tional complexes. Thus, increasing the productivity and
feed rate of the cutter-loader will increase miners’ en-
ergy expenditure in the process of movement along the
longwall face and the operating of the cutter-loader.

In addition to energy expenditure, another impor-
tant criterion for the effectiveness of human movements
is mechanical productivity. An important biomechani-
cal criterion, characterizing the effectiveness of motor
actions in moving, is the energy expenditure per unit of
distance.

Dividing the parts of equation (1) by the speed v, we
obtain the dependence of the change in energy expendi-
ture per unit of distance on the movement speed of the
miner along the longwall face

E E,

—=—+b+bv. ?2)
Vo

Differentiating the right-hand side of expression (2)
E E, . o
to dv, we obtain: —=b, ——- This equation indicates
v y

the existence of the minimum type extremum of the
function (2) at the optimum movement speed, which
provides the minimum energy expenditure per unit of
distance.

Fig. 2 shows the dependence of energy expenditure
per unit of distance with a change in the movement
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Fig. 1. Dependence of energy expenditure of a miner on
the movement speed along the longwall face:

l—atm>1.7m; 2 —atm=081...1.3m; 3 —atm=
=0.7..08m
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Fig. 2. Dependence of energy expenditure on the move-
ment speed of a miner along the longwall face:

l1—atm>17m; 2—atm=0.81..13m; 3 —atm=
=0.7..08m

speed of the miner along the longwall face. The analysis
of the graphs shows that for the speed range typical for
traditional complexes and NTL complexes, the energy
expenditure per unit of distance, in distinct to the total
energy expenditure, is reduced. Solving the equation

E
—3=O, we obtain the optimal (for a person
Y

E_,
v

with average statistical parameters and under optimal
environmental conditions in the workplace) speed of the
miner’s movement along the longwall face, which at
crawling along the longwall face is equal to 12 m/min;
when moving on all fours is 16 m/min; in the usual posi-
tion it is 50 m/min. Accordingly, for modern cutter-
loaders, the optimal speed (by the criterion of energy
expenditure per unit of distance) has not been achieved
yet.

Dependence (1) is quadratic and suggests that move-
ment with the same speed is less energy-intensive than
moving at a variable speed with the same average speed,
which is due to the dominance of the kinetic energy
fraction in the total energy of the miner’s movement and
the irregular character of its expenditure when the speed
variation. Thus, for longewall faces with a high load,
with high reliability of the coal mining process, it is nec-
essary to ensure a constant cutter-loader feed rate v, =
= const, which will result in economy the miner energy
expenditure.

In alternating cyclic movements, which include all
types of the miner’s movements on the stope during coal
mining, the energy expenditure per meter of distance
passed (2) is also used to characterize the economy. An
important criterion of optimality in coal mining is the
economy of the miner’s movement, which is inversely
proportional to the energy expenditure per unit of work
performed or the unit of distance passed, and the most
important rule of the miners’ work is the principle of
minimum energy expenditure. When the machinist is
moving along the longwall face the useful work is to
move in the longitudinal direction. The economy of a
miner is inversely proportional to the energy expendi-
ture per unit of distance

1 1
CE=—=——. 3)

£ &+bl+b2v

vy
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Formula (3) reflects the efficiency of the machinist
of a cutter-loader in terms of his biomechanical charac-
teristics and indicates an increase in the profitability of
the miner with an increase in the cutter-loader feed rate.
Economy reaches an extreme value at the optimum
movement speed and the minimum energy expenditure
per meter of distance. The above calculations indicate
that ceteris paribus an extreme value will be achieved at
crawling along the longwall face v,, = 0.7 km/h =
= 12 m/min; on knees — v,,, = 0.97 km/h = 16 m/min; in
the usual position v,,, = 3 km/h = 50 m/min.

Normalizing the exponent (3) relative to the opti-
mum movement speed, we have the dependence of the
economy of the miner on the speed of movement along
the longwall face (Fig. 3).

Thus, for miners with low movement speed along the
longwall face with lower ranges of extractable seam
power, the rule of minimum energy expenditure is vio-
lated.

The quantity of coal mining from a meter of longwall
face can be determined by the formula

Q=mry, “

where m is the extractable seam power, m; ris a width of
the cutter-loader, m; y is a density of rock mass, t/m*

Taking into account (3) and (4) it is advisable to use
the indicator of energy expenditure of a miner per ton of
coal mined

EO
E_ E _7+b1+b2V (5)

0 vmry - mry

Energy efficiency, in turn, will be determined as

Q _vmry  mry

: (6)
£ E &+b1+b2v
\4

CE=

The dependence of the energy efficiency on the feed
rate value for different seam power and the width of the
cutter-loader is shown in Fig. 4.

The data show that the economy of energy expendi-
ture increases with the growth of both parameters. At
the same time, for the feed rate, an extreme value is
achieved at the optimum rate.
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Fig. 3. Dependence of the economy of a miner on the
movement speed along the longwall face:

l—atm>17m;2—atm=0.81..13m; 3 —atm=
=0.7..08m
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Fig. 4. Dependence of the economy of energy expenditure
on the feed rate (a) and the width (b) of the cutter-
loafer:
l—atm>17m; 2—atm=0381..13m;3—atm=
=0.7...08m

In turn, for a cutter-loader, the power capacity (spe-
cific power consumption) for coal mining is determined
by the following known methodic

P

st

v 60v mry’

where P, is a power (stable) of the cutter-loader engines,
kW, v, is a feed rate of the cutter-loader, m/min; m is a
seam power, m; is a width of the cutter-loader, m; y is a
density of coal, t/m?.

Thus, with the increase in feed rate of the cutter-
loader, the coal mining power capacity decreases, and
the power consumption increases. The economy of the
cutter-loader during coal mining is inversely propor-
tional to the power capacity

o 60v mry
w P °

st

(7

Analysis of formulas (5—7) shows that the power
consumption of the cutter-loader during coal mining in-
creases linearly, and the energy expenditure of the miner
increases in quadratic dependence with the increase in
the feed rate.

The miners and the cutter-loader work as series ele-
ments in the coal mining system. If one of the elements
fails, the other’s work is impossible. In the coal mining
system it is necessary to allocate the efficiency of a sepa-
rate element (machine and person) and the efficiency of
the whole system. In the case of sequential operation,
the overall efficiency of the system is equal to the com-
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n
position of the efficiency of its elements m,, :Hﬂi,

i=1

with the parallel one — the sum of the efficiency

n
Npor :zni. The efficiency of the miner and cutter-

i=1

loader during coal mining is

n="N"m (8)

where 1, is the efficiency of the miner; n,, is the cutter-
loader efficiency.

Taking into account (6—8) the economy of the min-
ing system (miner and cutter-loader) will be calculated
by formula

4
v .mr

CE’””{EJ !l

9 70+b1 +byy s

The dependence of the change in the economy of the
coal mining system on the width and the feed rate of the
cutter-loader is shown in Fig. 5. The dependence of
economy on the feed rate is described by the fourth de-
gree polynomial, which is due to the presence of an ex-
tremum of the economy function of the machinist on
the speed of his movement along the longwall face.

The increase in the economy of the coal mining sys-
tem is limited due to the physiological capabilities of the
miners. Therefore, in order to comply with the rule of
economy the energy of a miner it is expedient in coal
mining technology to provide the means of mechanized
moving of the miner along the longwall face. The econ-
omy of the coal mining system increases in the depen-
dence of the quadratic character with the increase in the
width of the cutter-loader. To ensure high productivity
of coal mining, it is more preferable to vary the width of
the cutter-loader.

Thus, the efficiency of the coal mining system is de-
termined by the power consumption of the cutter-loader
and the economy of the machinist work, and increases
in the dependence of the quadratic character by almost
3 times with a change in the width of the cutter-loader in
the range of 0.63—1 m. The efficiency of the coal mining
system has a limit determined by the energy expenditure
of the miner, while the optimum speed of movement of
the miner along the longwall face is as follows: at m =
=0.7— 0.8 m (crawling) it is 12 m/min; at m =0.8—1.3 m
(on the knees) it is 16 m/min; at m > 1.7 m (in normal
position — full length) it is 50 m/min.

With the use of the developed methodic of research
on the energy expenditure of miners for determining the
efficiency of coal mining, full-time experiments were
conducted to study energy expenditure during the min-
ers’ movement along the longwall face.

Fig. 6 shows the dependence of the change in energy
expenditure. Analysis of the graphs shows that the de-
pendence of energy expenditure per unit of distance
passed and economy on the speed of movement are qua-
dratic. Dependences of the change in the energy expen-
diture of miners as they move along the stope are ob-
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Fig. 5. Dependence of the economy of mining on the feed
rate (a) and the width (b) of the cutter-loader:

l—atm>17m 2—atm=0381...13m;3—atm=
=0.7..08m

tained. Thus, the dependence of the speed damping in
time has a logarithmic character, the change in the cur-
rent energy expenditure in time, the total energy expen-
diture on the distance passed, and time has a degree
character.

Fig. 7 shows the energy expenditure per unit distance
passed on the speed of movement: experimental and
calculated by the formula (2). Analysis of the obtained
data indicates that the relative error in the average for
moving crawling and on all fours was 15 and 20 %, for
moving full length the error averaged 30 %, for moving
in a crouch — 50 %. The obtained dependences made it
possible to refine the (1, 2) for the process of human
movement along the longwall face at different positions.
The deviation in the data also indicates the significant
influence of individual characteristics of a person (total
sizes, age, skills, and experience) on energy expenditure
when moving. The direction of further research should
include obtaining such dependencies on the individual
characteristics of miners.

The final stage of the research was to determine the
change in the energy expenditure of the miners when
performing various operations. During the research, the
age, experience, qualifications of the miners varied, as
well as such working conditions as dustiness, tempera-
ture, and humidity.

The regularities of productivity growth and the level
of safety in mines have been established, taking into ac-
count the physiological parameters of miners (Fig. 8).

In particular, when miners perform the basic opera-
tion in conducting drilling and blasting operations, reg-
ularities are established for the change in efficiency with
and without the respirator, depending on the age and
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Fig. 6. The change in energy expenditure due to the speed
of movement (a), the energy expenditure per unit of
passed distance on the speed of movement (b), the ef-
ficiency coefficient on the speed of movement (c) at
different positions
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Fig. 7. Calculated and experimental dependences of the

energy expenditure per unit of distance passed on the
speed of movement along the longwall face

skills of workers. It is established that when working with
a respirator, productivity in the case of an experienced
worker increases by 6 %, and in the case of a young
worker, productivity decreases by 15 %. On the basis on
the research the methods for determining the energy ex-
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Fig. 8 Change in the intensity of energy expenditure of
miners when rock mass is shoveled by experienced
(EW) and young (YW) workers

penditure and a level of professionalism of miners are
developed.

Conclusions. The research on the influence of min-
ers’ energy expenditure on the productivity of the coal
mining system was carried out [9]:

- the total energy expenditure of the machinist in-
creases 5 times when crawling behind the cutter-loader
along the longwall face, and the energy expenditure per
unit of distance passed decreases by 6 times when moving
in the normal position if the feed rate of the cutter-loader
along the longwall face increases from 3 to 24 m/min.
The quadratic character of the dependence of energy ex-
penditure on the feed rate shows that moving along the
longwall face at the constant speed results in less energy
than moving at a variable speed;

- the optimal speed of the miner’s moving along the
longwall face by the criterion of energy expenditure per
unit of distance passed while crawling along the long-
wall face is 12 m/min, on all fours is 16 m/min, in the
usual position is 50 m/min. The speed is essentially de-
termined by the seam power, the positions of the miner,
the speed and direction of the air movement, the win-
ning scheme, and the individual characteristics of the
miner: qualifications, age, physical conditions, etc.;

- it is necessary to use the factor of a miner’s energy
expenditure per ton of coal mined to estimate the com-
fort of working conditions. The economy of the miner is
inversely proportional to the energy expenditure per ton
of coal mined and increases in a quadratic dependence
with the increase in the feed rate and increases linearly
with increasing width of cutter-loader, varying within
the range of 0.007—0.14 t/J with an increase in rate in
the range 3—24 m/min and the seam power in the range
of 0.8—1.7 m, and in the range of 0.01—-0.2 t/J with an
increase in the width of cutter-loader from 0.63 to
0.8 m;

- the efficiency of coal mining is determined by the
power consumptions of the cutter-loader and the econ-
omy of the miner’s work, increasing in quadratic depen-
dence by 3 times with a change in the width of cutter-
loader from 0.63 to 1 m. The efficiency of the coal min-
ing system is limited by the energy expenditure of the
miner, the optimal speed of the machinist’s movement
along the longwall face: at m = 0.7—0.8 m (crawling) is
12 m/min; at m = 0.8—1.3 m (on the knees) is 16 m/min;
at m > 1.7 m (in normal position) is 50 m/min;
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- the experimental research made it possible to refine
the formula for calculating the energy expenditure per
unit of distance passed during the movement of the min-
er along the longwall face in various positions; it is shown
that the achievable maximum speed for a person with
average statistical data when moving on crawl and on all
fours does not exceed, respectively, 16 and 22 m/min,
which is comparable to the design feed rate of modern
cutter-loaders. In the near future, the productivity limit
of longwall faces will be reached on the biomechanical
parameters of the machinist;

- the regularities of productivity growth and the level
of labor safety in mines, taking into account the physi-
ological characteristics of miners was established. Thus,
when miners perform basic operations while mining,
there are established the regularities of change in the co-
efficient of efficiency when working with and without a
respirator, depending on the age and skills of workers. It
is established that when working with a respirator, the
productivity in the case of an experienced worker in-
creases by 6 %, and in the case of a young worker, pro-
ductivity decreases by 15 %. Based on the research car-
ried out, methods have been developed for determining
the energy expenditure and the level of professionalism
of miners.
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Meta. BctaHOBUTH 3aKOHOMIpPHOCTI BILIMBY €Hep-
TOBUTPAT TipHUKIB Ha €(heKTUBHICTb BUNOOYTKY BYTiJLIS.

Metoauka. BrukopucTtaHi MeToau MaTeMaTUYHOTO
MOJEIIOBAHHS, MATEMATUYHOTO aHaJi3y, Teopil Hamii-
HOCTi, MeToAu OioMeXaHiKU, IIaXTHi, HATYpPHi XpOHO-
METpaKHi Ta Bi3yaJibHi CITOCTePEKEHHS 3 BUKOPHUCTAH-
HAM CydacHMX iH(pOpMailfHUX CHUCTEM, TIpMIAmiB i
O0OYUCITIOBAJIbHUX KOMIUIEKCIB.

Pesyabrat. BcTaHOBJIEHI 3aKOHOMIpPHOCTI 3MiHM
BUTpAT €HEepril TipHUKIB BiJ IIBUAKOCTI MepeMillieHHS
KoMmbaiiHa B JlaBi. BcraHoBiieHa onTMMaibHa IUBUM-
KiCTh MepecyBaHHS TipHUKA IO JIaBi 32 KPUTEPIEM BU-
TpaT eHeprii Ha MeTp MPOIIEHOI BiACTaHi TS pi3HOI IO~
TY>XKHOCTI TIacTa, 10 BUMAaEeThCA. ST OLIIHKU KOM-
(opTHOCTI yMOB Mpalli 3alIPONOHOBAHO BUKOPUCTOBY-
BaTW MOKa3HUK BUTpPAT €HePrii ripHMKa Ha TOHHY 100y~
TOro Byriyuisi. BctaHOBIIEHO, 1110 €KOHOMIYHICTh Mepe-
CyBaHHSI MallIMHiCTa IepeOyBa€ y 3BOPOTHIl 3aJIEXKHOC-
Ti Bil BUTpAT eHeprii Ha TOHHY BUAOOYTKY, 3POCTAE JIi-
HIMHO 3 MiABMILIEHHSIM 3aXBaTa BMKOHABUOIO OpraHa
KoMOaliHa Ta y KBaapaTMUHiil 3aJIeKHOCTi Bill pPOCTy
IIBUAKOCTI TepeMillleHHs1 KoMOaiiHa. EdekTuBHIiCTb
BUAOOYTKY BYTiJUISI BU3HAYAETHCSI €KOHOMIUHICTIO Miit
ripHUKa i BUTpaTaMu eHeprii KoMOaiiHa, 3i 3011bIIeH-
HSIM IIBUIKOCTI TepeMillleHHs KoMOaiiHa e(eKTuB-
HIiCTh HAOJMXKAETLCA 10 OOMEXEHHS, 0OYMOBJIEHOTO
BUTpaTaMU €Heprii ripHUKiB. BcTaHOBIIEHI 3aKOHOMIp-
HOCTi 3MiHU Koe@illieHTa KOPUCHOI Mii TipHUKIB Mpu
pOOOTI 3 pecripaTopoM i 03 HbOTO 3aJIe3KHO BiJl IXHHOTO
BiKy 1 kBajigikauii. [Ipy 1boMy BCTAaHOBJIEHO, 1110 TIpU
po0OTIi 3 pecripaTopoM NPOAYKTUBHICTb Y BUIIAIKY J10-
CBiTUEHOTr0 pOOITHUKA 301IBILIYETHCS, a Y BUTIAAKY 3 MO-
JIOAUM POOITHUKOM MPOAYKTUBHICTb 3HVKYEThCSI.

HaykoBa HOBHM3HA. YMepiile BCTaHOBJEHiI 3aKOHO-
MipHOCTi e(heKTUBHOCTI BUAOOYTKY BYTiJUISI Bill BUTpaT
€Hepril rpHUKIB, BUAKOCTI MEPeMillleHHS I INMPUHU
3axBaTa BUKOHABYOro opraHa Kom0aiiHa Ta BU3HAUYEHi
00MEeXXeHHS i3 MPOAYKTUBHOCTI JIaBU.

IIpakTuuna 3naunmicts. Po3pobieHa metoauka no-
CIIIKeHb CHEProBUTpAT TipHUWKIB IS BH3HAYCHHS
e(eKTUBHOCTI BULOOYTKY BYTiJIJIs Ta IIpodecioHantizmy
TipHUKIB I1aXT.

KmouoBi cioBa: ecipnuku, sumpamu eunepeii, ouucHuil
8ubiil, eghpekmugHicmo 8yeneeudobymKy
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Ieap. YcTaHOBUTH 3aKOHOMEPHOCTU BIIMSTHUS
SHEPro3aTpar TOPHIKOB Ha 3(P(PEKTUBHOCTb TOOBIYN
VIJISL.

Metoauka. Mcnosib30BaHbl METOAbI MaremMaThye-
CKOTrO MOIEIMPOBaHUsI, MaTeMaTUYECKOIro aHajau3a,
TEOPUU HAJAEKHOCTU, METOAbl OMOMEXaHUKH, IIaXT-
Hble, HAaTYpHbIE XPOHOMETPaXKHbIE M BU3yaJbHbIC Ha-
OJIIOJICHUSI C UCITOIb30BaHUEM COBPEMEHHBIX MHGOP-
MallMOHHBIX CHUCTEM, MPUOOPOB M BBIYMCIMTEIbHBIX
KOMILIEKCOB.

PesyabraTbl. YCTaHOBJIEHBI 3aKOHOMEPHOCTU W3-
MEHEHMS 3aTpaT SHEPTUM TOPHSIKOB OT CKOPOCTH TIe-
peMeleHnsT KoMOaifHa B JiaBe. YCTaHOBJICHA OITH-
MaJIbHasI CKOPOCThb TEPEIBUKEHMSI TOPHSIKA IO JIaBe
10 KPUTEPHUIO 3aTpaT SHEPTUM HA METP MPOMIECHHOIO
pacCTOSHMUS Il pa3HOU BBIHUMAeMOM MOIIHOCTU
miacrta. Jag oueHkr KoM@OPTHOCTH YCIIOBUI Tpyna
MPeUI0KEHO MCII0Ib30BaTh MOKa3aTesb 3aTpaT dHEpP-
TMU TOPHSIKA Ha TOHHY TOOBITOrO yIJisl. YCTaHOBJIEHO,
YTO KOHOMUYHOCTb TIEPEIBIKEHUSI MAlIMHUCTA Ha-
XOIMTCS B 00pAaTHOI 3aBUCHMOCTH OT 3aTpaT 3HEPruu
Ha TOHHY OOBIYM, BO3PACTAET JMHEWHO C IMTOBBIIIEHU-
€M 3axBaTa WCIIOJTHUTEIBHOTO OpraHa Kom0OaiiHa U B
KBaJIpaTUIHON 3aBUCUMOCTH C POCTOM CKOPOCTH TIe-
peMenreHus KombaiitHa. D(HHeKTUBHOCTD TOOBIYN YIIIS
OITIpeNeIIsIeTCSI 5KOHOMUYHOCTBIO NeCTBUI TOPHSIKA U
3aTpaTaMy dHEpPruu KoMOaifHa, C YBEIMUYCHUEM CKO-
pocTH mepeMeleHus KomobaiitHa 3¢ (heKTUBHOCTD MPH-
OMKaeTcsl K OrpaHUYeHUI0, OTIpeaesieMoOMy 3aTpaTa-
MM 3HEPruU TOPHSIKOB. YCTaHOBJIEHBI 3aKOHOMEPHO-
CTU M3MEHEeHMSsT KoadULIMeHTa MoJIe3HOro AeHCTBUS
TOPHSIKOB IPU paboTe C pecrnupaTtopoM U 6e3 Hero B
3aBUCHMOCTHU OT MX Bo3pacta U KBanudukanuu. [Tpu
5TOM YCTAHOBJIEHO, YTO MPU paboTe ¢ pecnupaTopoM
TPOU3BOIUTENILHOCTh B CJIydae OIBITHOTO pabovyero
YBEJIMIMBAETC, a B CIIydae ¢ MOJIOIBIM pabOuMM IIpO-
U3BOAUTEITLHOCTD CHIKACTCS.

Hayunas HoBu3Ha. BriepBble ycTaHOBJIEHBI 3aKOHO-
MepHOCTU 3G (GEKTUBHOCTA TOOBIYM YIVISI OT 3aTpaT
SHEPTUU TOPHSKOB, CKOPOCTHU TIEPEeMEIICHUS U ITUPU-
Hbl 3axBaTa MCIIOJTHUTEJbHOTO opraHa KomOaiiHa u
orpenesieHbl OrpaHUYEHUST MO TPOM3BOAUTEIHLHOCTU
JIaBhI.

IIpakTuyeckas 3HauumMocTh. PaspaboTaHa meToau-
Ka MCCJIeOBAaHUI dHEPro3aTpatr TOPHSKOB IJIST OTIpe-
neneHust 3pHEeKTUBHOCTU 100BIYN YT U Tpodeccuo-
HaJIM3Ma rOPHSKOB IIaXT.

KimoueBble caoBa: copHaku, 3ampamol 3Hepeull,
ouucmHoli 3a60il, 3ghpekmusrocms yenedodviuu
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